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The aim of this investigation was to study the efficacy of the combined processes of UV light and mild temperatures for the inactivation
of Salmonella enterica subsp. enterica and to explore the mechanism of inactivation. The doses to inactivate the 99.99% (4D) of the
initial population ranged from 18.03 (Salmonella enterica serovar Typhimurium STCC 878) to 12.75 J ml�1 (Salmonella enterica sero-
var Enteritidis ATCC 13076). The pH and water activity of the treatment medium did not change the UV tolerance, but it decreased
exponentially by increasing the absorption coefficient. An inactivating synergistic effect was observed by applying simultaneous UV
light and heat treatment (UV-H). A less synergistic effect was observed by applying UV light first and heat subsequently. UV did not
damage cell envelopes, but the number of injured cells was higher after a UV-H treatment than after heating. The synergistic effect ob-
served by combining simultaneous UV and heat treatment opens the possibility to design combined treatments for pasteurization of
liquid food with high UV absorptivity, such as fruit juices.

Nowadays, UV light processing is one of the most promising
alternatives to thermal food preservation treatments. The use

of UV radiation has been suggested for disinfection of the surfaces
of fresh products (50) and for pasteurization of liquids such as
juices (12, 35), milk (10), liquid egg (9), soft drinks (19), beer (26),
sugar syrup (45), and wines (13).

UV radiation covers part of the electromagnetic spectrum
from 100 to 400 nm and is categorized as UV-A (320 to 400 nm),
UV-B (280 to 320 nm), and UV-C (200 to 280 nm). UV-C is
considered to be germicidal against most types of microorganisms
since photons are absorbed by DNA at this specific wavelength
(40). Photons interact with thymine and cystine nucleoside bases,
causing the formation of cross-linked photoproducts, especially
cyclobutyl pyrimidine dimers (CPD), which interrupt the tran-
scription, translation, and replication of DNA and lead to cell
death (43). UV-C light is lethal for most types of microorganisms,
and their resistance varies significantly. In general, Gram-negative
bacteria are more sensitive than Gram-positive bacteria, yeast,
bacterial spores, molds, and viruses (27). UV resistance may vary
with the species (27) and even with the strain (44). In addition, it
is also known that microbial factors, such as the growth phase (2),
can determinate microbial UV resistance.

Although a lot of investigations have extensively shown that
UV light is effective in reducing microorganisms in food products,
the industrial application is still limited because the depth of UV
radiation in the surface of liquid food is very shallow (42). It is
widely reported that the effectiveness of UV light inactivation rates
decreases as the absorbance and the amount of suspended particles in
the treatment medium increase (23, 33, 36). Thus, several strategies
have been proposed to optimize the effect of UV radiation. On one
hand, new UV reactors have been designed to ensure turbulent flow
patterns so that all portions of a liquid food are exposed to UV light
(24). On the other hand, UV light can be combined with other novel
processing techniques or milder conventional preservation methods
in a so-called “hurdle” approach to guarantee acceptable inactivation
of pathogenic microorganisms (49). Some authors have suggested
that a more efficient microbial reduction can be achieved by combin-
ing UV light with heating to temperatures that are lower than those
used in pasteurization (18, 46).

Effective transfer of UV light technology to the industry re-
quires a detailed knowledge of the resistance of different microbial
species of interest in food safety, its inactivation kinetics, and the
chemical and physical characteristics of the treatment medium
involved in UV light efficacy. Most studies on UV-C microbial
inactivation have been carried out with Escherichia coli because it
is commonly used as a target pathogen (36) and because the sero-
type O157:H7 has been implicated in severe outbreaks of unpas-
teurized juice (48). In contrast, data on UV effectiveness against
other food-borne pathogenic and food spoilage microorganisms are
limited (25). Particularly, there are few data in the bibliography about
the UV resistance of Salmonella. Salmonellosis is the second-most-
often-reported food poisoning disease in Europe, accounting for
131,468 confirmed human cases in 2010 (about 21.5 persons per each
100,000) (11), and it has been implicated in food poisoning by the
consumption of fruit juices (48). This is the reason that the U.S. FDA
has identified this microorganism as a possible reference pathogen for
UV pasteurization treatments (47).

The objective of this investigation was to compare the UV-C
resistance of five strains of Salmonella enterica subsp. enterica
and then study the influence of treatment medium character-
istics (absorption coefficient, pH, and water activity [aw]) and
microbiological factors (growth phase and UV damage and
repair ability) with the most resistant strain. As a second step,
we also studied the efficacy of the combined processes of UV
light and middle temperatures, and we explored the mecha-
nism of inactivation.

MATERIALS AND METHODS
Bacterial culture. The strains of Salmonella enterica serovar Typhimu-
rium STCC 878 and STCC 443, as well as Salmonella enterica serovar
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Senftenberg STCC 4384, were provided by the Spanish Type Culture Col-
lection (STCC). The strains of Salmonella Senftenberg ATCC 43858 and
Salmonella enteritidis serovar Enteritidis ATCC 13076 were provided by
the American Type Culture Collection (ATCC). The bacterial cultures
were kept frozen at �80°C in cryovials. Stationary-phase cultures were
prepared by inoculating 10 ml of tryptone soy broth (Biolife, Milan, Italy)
supplemented with 0.6% (wt/vol) yeast extract (Biolife) (TSBYE) with a
loopful of growth from tryptone soy agar (Biolife) supplemented with
0.6% (wt/vol) yeast extract (TSAYE). The cultures were incubated at 35°C
for 6 h in a shaking incubator. Fifty microliters of the cultures were inoc-
ulated into 50 ml of fresh TSBYE and incubated for 24 h under the same
conditions, which resulted in stationary-phase cultures containing ap-
proximately 109 CFU ml�1.

UV treatments. The UV equipment used in this investigation has
been described previously (15). The whole system consisted of eight
annular thin film flowthrough reactors connected in series with a sam-
pling valve at the exit of each reactor. Each reactor consists of a low-
pressure UV lamp (TUV 8WT5; Philips) with a nominal output power
of 8 W (85% of energy emitted at a wavelength of 254 nm) enclosed by
a quartz tube. The annular gap between the quartz tube and the outside
glass sleeve, where liquid flowed, was 2.5 mm. The reactors were sub-
merged in a tempered 90-liter water bath (selected temperature
�1.5°C) heated by the circulating water of a peripheral thermostatic
bath (model Kattebad K12; Huber, Offenburg, Germany). Two ther-
mocouples (model ZA 020-FS; Almeco, Bernburg, Germany), located
at the input of the first reactor and at the outlet of the last reactor,
allowed the treatment temperature to be controlled.

Treatment medium was added with the bacterial suspension to
achieve 107 to 108 CFU ml�1 and pumped (8.5 liters h�1) through the heat
exchanger to the reactors. Previous experiments demonstrated that bac-
terial loads lower than 5 � 108 CFU ml�1 did not affect the lethal efficacy
of our equipment (data not shown). When the treatment conditions were
stabilized, samples were withdrawn through the sampling valves at the outlet
of each reactor and 0.1 ml or 1 ml was immediately pour plated in the recovery
media. McIlvaine citrate-phosphate buffer (8) of different pHs (3.0, 4.0, 5.0,
6.0, and 7.0), water activity (0.94, 0.96, 0.98, and �0.99), and absorption
coefficient (from 6.57 to 23.66 cm�1) were used as treatment media. Citrate-
phosphate buffer of different water activities and absorption coefficients were
prepared by adding different quantities of glycerol (Panreac, Barcelona,
Spain) and tartrazine (Sigma-Aldrich, St. Louis, MO), respectively.

Analytical measurements. Absorbance of media was measured at 254
nm using a Unicam UV500 spectrophotometer (Unicam Limited, Cam-
bridge, United Kingdom). Sample solutions were diluted and evaluated using
quartz cuvettes (Hellma, Müllheim, Germany) with path lengths of 1, 2, and
10 mm. The absorption coefficient of the sample solution was determined
from the slope of the absorbance versus path length, correcting for the dilu-
tion factor. Turbidity was measured using a HI 83749 nephelometer (Hanna
Instruments, Szeged, Hungary). The pH was adjusted using a Basic 20 pH
meter (Crison Instruments, Barcelona, Spain). Water activity was measured
at room temperature with a specially designed instrument (Water Activity
System model CX-1; Decagon Devices, Pullman, WA). The mean illumi-
nance (Klx) was measured with a FL A603 VL4 radiometer (Ahlborn, Holz-
kirchen, Germany).

Heat treatments. Heat treatments were carried out in a specially de-
signed resistometer (6). Briefly, this instrument consists of a 350-ml vessel
provided with an electrical heater for thermostation, an agitation device to
ensure inoculum distribution and temperature homogeneity, and ports
for injecting the microbial suspension and for extraction of samples. Once
the preset temperature had attained stability (temperature, �0.05°C), 0.2
ml of an adequately diluted microbial cell suspension was inoculated into
the corresponding treatment medium. After inoculation, 0.2-ml samples
were collected at different heating times and immediately pour plated.
Heat treatments were conducted at 50.0, 52.5, 55.0, 57.5, and 60.0°C, and
samples were taken at the time of UV treatment (0.41, 0.90, 1.33, 1.76,
2.23, 2.66, 3.21, and 3.58 min).

Incubation of treated samples and survival counting. The recovery
medium was TSAYE. Where indicated, the maximum noninhibitory
concentration (MNIC) of sodium chloride (TSAYE-SC) (Panreac,
Barcelona, Spain) or bile salts (TSAYE-BS) (Biolife, Milán, Italy) was
added to estimate the percentage of sublethally injured cells (28). The
MNIC of sodium chloride (3% wt/vol) and bile salts (0.15% wt/vol)
were chosen in previous experiments with nontreated cells (data not
shown). The lack of tolerance to the presence of NaCl is attributed to
damage to the functionality and/or integrity of the cytoplasmic mem-
brane, whereas cells become sensitized and unable to grow on selective
media containing bile salts if the outer membrane is damaged (28).
Cells were also recovered in nonselective medium with 0.1% (wt/vol)
of sodium pyruvate added (TSAYE-P) (Panreac, Barcelona, Spain),
which removes peroxide and improves recovery of oxidative stressed
cells (28). Samples recovered in the nonselective and sodium pyruvate-
added media were incubated for 24 h at 35°C, and those recovered in
selective media were incubated for 48 h at 35°C. TSAYE-P plates were
incubated in anaerobiosis with a variable atmosphere incubator
(MACS VA500; Don Whitley Scientific Limited, Shipley, United King-
dom). Previous experiments demonstrated that longer incubation
times did not change the profile of survival curves. After incubation,
CFU were counted with an improved Protos image analyzer automatic
colony counter (Synoptics, Cambridge, United Kingdom) as described
elsewhere (5). For photoreactivation, 20 �l of different dilutions of
each sample were spread plated in TSAYE petri dishes under daylight
fluorescent lamps of 13 W (T16 13W/827-EVG, G5; Osram, Munich,
Germany) that emitted light in the 360- to 700-nm wavelength range.
The distance between the surface of the test suspension and the lamp
was 10 cm. The mean illuminance was 11.15 Klx, and the time of
photoreactivation was 60 min at 20°C. Previously, it was demonstrated
that longer incubation times and higher temperatures did not improve
survival counts. In each experiment, a sample of UV-irradiated sus-
pension was kept in the dark under the same conditions as a reference.
After photoreactivation, the plates were incubated for 24 h at 35°C.

Dosage calculation, curve fitting, and statistical analysis. Applied
dose may be expressed as incident UV intensity (J cm�2), which is calculated
with the irradiance in lamp surface and corrected for UV depth penetration
using the Lambert-Beer law (37). In our study, the exposure dose was ex-
pressed in terms of the actual amount of energy transferred to the treatment
media. The UV dose was calculated in J ml�1, using the total power output
emitted by UV lamps and the experimentally calculated average residence
time of our UV installation at 8.5 liters h�1 (15).

The survival curves of the UV treatments were obtained by plotting the
logarithm of the survival fraction versus treatment doses, expressed in J
ml�1. To fit the survival curves and calculate resistance parameters, the
Geeraerd and Van Impe inactivation model-fitting tool (GInaFiT) was
used (17). Because our survival curves did not show tails but rather shoul-
ders, the log linear regression plus shoulder model (16) was used. This
model describes the survival curves through two parameters: the shoulder
length (SL) or dose before the exponential inactivation begins and the
inactivation rate (kmax), defined as the slope of the exponential portion of
the survival curve. For comparison purposes, GInaFiT also provides the
parameter 4D, defined as the treatment dose necessary to inactivate
99.99% of the microbial population.

Statistical analyses. A t test (P � 0.05) and analysis of variance
(ANOVA) (P � 0.05), followed by Tukey’s test, were carried out using
GraphPad PRISM 4.1 software (GraphPad Software, Inc., San Diego, CA),
and differences were considered significant for P values of �0.05. All
microbial resistance determinations and analytical assays were performed
at least three times on different working days. The error bars in the figures
correspond to the mean standard deviation.

RESULTS
UV resistance of Salmonella enterica. Figure 1 shows survival
curves to UV light for the five strains investigated and suspended
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in McIlvaine buffer adjusted to a pH of 7.0 with 0.25 g liter�1 of
tartrazine added (absorption coefficient of 10.81 cm�1). As ob-
served in the figure, the log10 of survivors decreased with the de-
livered dose, but not linearly. Survival curves showed an initial lag
phase followed by an exponential inactivation rate. Concave
downward survival curves were fitted with the log linear regres-
sion plus shoulder model described by Geeraerd et al. (16). Table
1 shows the averages of the parameters calculated with Geeraerd et
al.’s model under the reference conditions (pH 7; aw, �0.99; ab-
sorption coefficient, 10.81 cm�1) of the five strains recovered in
different conditions. The table includes the coefficient of determi-
nation (R2) and the root mean square error (RMSE) values from
the fitting, the rate of the log phase inactivation (kmax), the shoul-
der length (SL), and, for comparison purposes, the 4D parameter.
The standard deviations of these values have also been included.
UV resistance of different strains of Salmonella in the early sta-
tionary phase (24 h) varied widely: a treatment of 16.94 J ml�1

reached 3.78 � 0.23, 5.12 � 0.73, 4.69 � 0.32, 5.08 � 0.29, and
5.98 � 0.55 log10 cycles of inactivation of Salmonella Typhimu-
rium STCC 878 and STCC 443, Salmonella Senftenberg STCC
4384 and ATCC 43858, and Salmonella Enteritidis ATCC 13076,
respectively (Fig. 1). As observed in Table 1, Salmonella Typhimu-

FIG 1 Survival curves of Salmonella Typhimurium STCC 878 (�) and STCC
443 (�), Salmonella Senftenberg STCC 4384 (Œ) and ATCC 43858 (Œ), and
Salmonella Enteritidis ATCC 13076 (o) in McIlvaine buffer adjusted to a pH
of 7.0, with an absorption coefficient of 10.81 cm�1. Stationary-phase cultures
were prepared by inoculating 50 ml of fresh TSBYE and incubated for 24 h at
35°C, which resulted in stationary-phase cultures containing approximately
109 CFU ml�1. The UV equipment consisted of eight annular thin-film flow-
through reactors connected in series with a sampling valve at the exit of each
reactor. The annular gap, where liquid flowed, was 2.5 mm. The recovery
medium was TSAYE. Plates were incubated for 24 h at 35°C before survival
counts.

TABLE 1 UV resistance parameters (SL, kmax, and 4D) obtained from the fitting of Geeraerd et al.’s model to the survival curves of different
Salmonella strains at different growth phases and recovered in different mediaa

Strain Growth phase (h) Recovery medium SL (J ml�1) kmax (ml J�1) 4D (J ml�1) R2 RMSE

Salmonella Typhimurium STCC 878 Stationary (24) TSAYE 6.18 (0.30)aA 0.77 (0.05)aA 18.03 (0.13)aA 0.994 0.209
Stationary (24) TSAYE-SC 6.09 (0.49) 0.82 (0.03) 17.37 (0.96) 0.997 0.151
Stationary (24) TSAYE-BS 5.02 (0.66)* 0.74 (0.02) 17.62 (0.57) 0.997 0.160
Stationary (24) TSAYE-P 6.86 (0.52) 0.82 (0.02) 18.16 (0.47) 0.999 0.197
Stationary (24) TSAYE plus visible light 6.73 (0.16)* 0.83 (0.24) 18.95 (0.49)* 0.989 0.245
Exponential (5) TSAYE 4.21 (1.16)B 0.87 (0.09)A 14.87 (0.57)B 0.963 0.474
Exponential (5) TSAYE-SC 5.36 (0.82) 0.76 (0.09) 13.52 (0.59) 0.981 0.365
Exponential (5) TSAYE-BS 4.41 (1.58) 0.74 (0.05) 13.99 (0.66) 0.998 0.540
Exponential (5) TSAYE-P 5.60 (1.18) 0.83 (0.34) 13.04 (0.38)* 0.984 0.264
Stationary (72) TSAYE 6.71 (1.01)A 0.82 (0.02)A 18,98 (1.24)A 0.975 0.427
Stationary (72) TSAYE-SC 6.30 (1.13) 0.79 (0.05) 18.16 (0.55) 0.990 0.286
Stationary (72) TSAYE-BS 7.10 (1.51) 0.79 (0.07) 18.70 (0.25) 0.981 0.419
Stationary (72) TSAYE-P 6.90 (1.18) 0.71 (0.05) 19.06 (1.19) 0.989 0.319

Salmonella Typhimurium STCC 443 Stationary (24) TSAYE 5.67 (0.60)b 1.01 (0.13)b 14.94 (0.86)b 0.989 0.335
Stationary (24) TSAYE-SC 5.80 (1.43) 1.06 (0.12) 14.64 (0.36) 0.978 0.485
Stationary (24) TSAYE-BS 4.16 (1.14) 1.12 (0.08) 14.94 (0.26) 0.991 0.310
Stationary (24) TSAYE-P 6.02 (0.88) 0.86 (0.05)* 14.43 (0.23) 0.991 0.316

Salmonella Senftenberg STCC 4384 Stationary (24) TSAYE 4.42 (0.54)c 0.84 (0.10)b 15.57 (0.36)c 0.992 0.264
Stationary (24) TSAYE-SC 4.78 (2.87) 0.81 (0.11) 16.26 (0.63) 0.973 0.386
Stationary (24) TSAYE-BS 4.52 (0.92) 0.85 (0.04) 15.42 (0.21) 0.994 0.453
Stationary (24) TSAYE-P 5.54 (1.02) 0.88 (0.05) 16.13 (0.23) 0.991 0.299

Salmonella Senftenberg ATCC 43858 Stationary (24) TSAYE 4.69 (0.41)c 0.89 (0.03)b 15.23 (0.51)b 0.992 0.278
Stationary (24) TSAYE-SC 4.78 (1.31) 1.02 (0.09) 14.82 (0.33) 0.984 0.418
Stationary (24) TSAYE-BS 5.12 (0.86) 0.91 (0.05) 15.42 (0.20) 0.994 0.261
Stationary (24) TSAYE-P 4.53 (1.78) 0.80 (0.06) 15.18 (0.41) 0.983 0.461

Salmonella Enteritidis ATCC 13076 Stationary (24) TSAYE 1.86 (1.40)d 0.87 (0.10)c 12.75 (0.44)d 0.990 0.310
Stationary (24) TSAYE-SC 1.20 (1.11) 0.92 (0.05) 11.38 (0.31)* 0.992 0.313
Stationary (24) TSAYE-BS 2.98 (1.53) 0.93 (0.08) 13.01 (0.39) 0.984 0.413
Stationary (24) TSAYE-P 2.85 (0.99) 0.95 (0.05) 12.60 (0.26) 0.993 0.275

a Lowercase letters a, b, c, and d indicate significant differences (P � 0.05) among mean values of each strain at stationary phase (24 h) recovered in TSAYE. Uppercase letters A and
B indicate significant differences (P � 0.05) among growth phases of Salmonella Typhimurium STCC 878 recovered in TSAYE. An asterisk indicates a significant difference (P �

0.05) among mean values of different recovery media compared with counts in TSAYE. Values in parentheses represent the standard deviations (SD) of the means.
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rium STCC 878 was the most UV-resistant strain, showing the
highest average dose to inactivate 99.99% of the initial population
(18.03 � 0.13 J ml�1), whereas Salmonella Enteritidis ATCC
13076 was the most sensitive (12.75 � 0.44 J ml�1). Similar results
were observed comparing the shoulder length of all strains: Sal-
monella Typhimurium STCC 878 presented an average shoulder
length of 6.18 � 0.30 J ml�1, and Salmonella Enteritidis ATCC
13076 presented an average shoulder length of 1.86 � 1.40 J ml�1.

The effect of the growth phase on UV susceptibility was also
studied with the most resistant strain. Table 1 includes resistance
parameters of Salmonella Typhimurium STCC 878 in mid-log (5
h), early stationary (24 h), and late stationary growth phases (72
h). The dose necessary to inactivate 99.99% of the population in
the exponential growth phase was 14.87 � 0.57 J ml�1, whereas
18.03 � 0.13 J ml�1 was needed for stationary-growth-phase cells.
The highest UV susceptibility of mid-log-phase cells can be attrib-
uted to the reduction of SL (from 6.18 � 0.30 to 4.21 � 1.16 J
ml�1), while no significant differences were found between kmax

(P � 0.05). In contrast, the UV resistance of stationary-phase cells
did not change, even when increasing incubation time up to 72 h.

No significant differences (P � 0.05) were found between sur-
vivor counts in nonselective and selective media (Table 1). This
indicated that UV light treatments did not damage the function-
ality and integrity of cell envelopes in any of the strains and growth
phases investigated. Counts obtained in the nonselective medium
with sodium pyruvate indicated that there was no oxidative dam-
age. However, the photoreactivation step before incubation im-
proved the UV survival of the most resistant strain. The 4D value
of Salmonella Typhimurium STCC 878 significantly increased
from 18.03 � 0.13 to 18.95 � 0.49 J ml�1 due to an SL increase
(Table 1).

UV inactivation of Salmonella Typhimurium STCC 878 in
different treatment media. To study the effect of physicochemical
properties of the treatment medium on UV lethality, Salmonella
Typhimurium STCC 878 was irradiated in citrate-phosphate buf-
fer with different pHs (3.0 to 7.0) and water activities (�0.99 to
0.96), with an absorption coefficient adjusted to 10.81 cm�1. The
calculated kmax, SL, and 4D values are summarized in Table 2. The
pH and water activity did not show a significant effect (P � 0.05)
on the inactivation by UV light. Neither interaction between both
variables was found.

The effect of the absorptivity of the media on the inactivation
of Salmonella Typhimurium STCC 878 was studied by adjusting

the absorbance of the buffer while other parameters were held
constant (pH, 7.0; aw, �0.99; turbidity, 5.92 nephelometric tur-
bidity units [NTU]). Table 3 shows UV resistance parameters ob-
tained in McIlvaine buffer, with an absorption coefficient ranging
from 6.57 to 23.66 cm�1. Results demonstrated that increasing the
absorptivity resulted in a higher 4D value (Table 3). An exponen-
tial relationship was found between the inactivation rates (kmax)
and the absorption coefficient (�) (Fig. 2). The regression line that
defined this relationship (log10 kmax, �0.0526� � 0.338; R2,
0.956) allowed us to conclude that the inactivation rate decreased
10 times by increasing the absorption coefficient by 18.98 cm�1.

Inactivation of Salmonella Typhimurium STCC 878 by UV
light at different temperatures. The effects of the combined pro-
cesses of UV light and mild temperatures were studied in
McIlvaine buffer adjusted to a pH of 7.0, with an absorption co-
efficient of 23.66 cm�1. In this medium, at room temperature, the
treatment at the maximum power (27.10 J ml�1) caused only a
small decrease in the number of survivors at room temperature
(inactivation of 1.12 � 0.19 log10 cycles) (Fig. 3). Figure 3 shows
the survival curves of Salmonella Typhimurium STCC 878 to UV
light at different temperatures in the same treatment medium.
The simultaneous combination of both technologies (UV-H

TABLE 2 UV resistance parameters (SL, kmax, and 4D) obtained from
the fitting of Geeraerd et al.’s model to the survival curves of Salmonella
Typhimurium STCC 878 in McIlvaine buffer of different pHs and water
activities, with an absorption coefficient of 10.81 cm�1a

pH aw SL (J ml�1) kmax (ml J�1) 4D (J ml�1) R2 RMSE

3.0 0.99 7.02 (0.45) 0.80 (0.03) 19.06 (0.63) 0.983 0.353
4.0 0.99 6.11 (0.85) 0.73 (0.11) 18.88 (1.33) 0.990 0.257
5.0 0.99 6.28 (1.05) 0.68 (0.20) 19.42 (1.34) 0.990 0.264
6.0 0.99 6.67 (0.21) 0.68 (0.06) 16.45 (0.60) 0.993 0.223
7.0 0.99 6.18 (0.20) 0.77 (0.03) 18.03 (0.32) 0.994 0.209
7.0 0.98 6.52 (0.50) 0.75 (0.04) 19.06 (0.19) 0.997 0.430
7.0 0.96 6.42 (0.06) 0.77 (0.07) 19.61 (1.91) 0.996 0.151
7.0 0.94 6.74 (0.19) 0.73 (0.06) 19.34 (1.72) 0.993 0.222
3.0 0.94 5.92 (0.70) 0.78 (0.02) 17.89 (0.73) 0.996 0.189
a Values in parentheses represent the SD of the means.

TABLE 3 UV resistance parameters (SL, kmax, and 4D) obtained from
the fitting of Geeraerd et al.’s model to the survival curves of Salmonella
Typhimurium STCC 878 in McIlvaine buffer, with different absorption
coefficientsa

Absorption
coefficient
(cm�1) SL (J ml�1) kmax (ml J�1) 4D (J ml�1) R2 RMSE

6.57 1.73 (1.07) 1.39 (0.06) 11.11 (0.65) 0.996 0.199
8.76 4.45 (0.81) 0.89 (0.01) 15.10 (0.76) 0.991 0.197
10,81 6.18 (0.20) 0.77 (0.03) 18.03 (0.32) 0.994 0.209
12.80 7.44 (0.64) 0.56 (0.09) 22.41 (0.78) 0.991 0.294
14.50 7.95 (0.93) 0.48 (0.04) 25.52 (1.94) 0.993 0.153
16.21 8.48 (0.32) 0.26 (0.01) 0.994 0.059
18.78 9.04 (0.91) 0.23 (0.04) 0.990 0.065
20.44 8.86 (0.58) 0.19 (0.01) 0.977 0.093
23.66 11.31 (1.51) 0.16 (0.02) 0.980 0.070
a Values in parentheses represent the SD of the means.

FIG 2 Relationship between treatment medium absorptivity (�) and UV in-
activation rate (log10 kmax) of stationary-phase cells of Salmonella Typhimu-
rium STCC 878. Treatments were carried out in citrate-phosphate buffer of
pH 7.0. Buffers of different absorption coefficients were prepared by adding
different quantities of tartrazine. The TSAYE recovery plates were incubated
for 24 h at 35°C. The relationship (log10 kmax, �0.0526� � 0.338; R2, 0.956)
allowed us to conclude that the inactivation rate decreased 10 times by increas-
ing the absorption coefficient by 18.98 cm�1.
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treatment) significantly increased the inactivation rate with tem-
perature: a UV dose of 16.94 J ml�1 at 50.0, 52.5, 55.0, 57.5, and
60.0°C reduced the surviving population of 1.18 � 0.06, 1.64 �
0.13, 2.44 � 0.28, 5.71 � 0.60, and more than 6.22 log10 cycles,
respectively, while UV light treatment at room temperature hardly
achieved 0.64 � 0.08 log10 cycles. The UV resistance parameters
that were calculated by fitting survival curves with Geeraerd et al.’s
model have been summarized in Table 4.

To estimate the contribution of heat to the lethal effect of the
combined process, the thermal resistance of Salmonella Typhimu-
rium STCC 878 was determined at the same treatment conditions
and temperatures. Figure 4 shows the log10 cycles of inactivation
reached by UV treatments of 16.94 J ml�1 (2.23 min) at 25°C, by
thermal treatments for 2.23 min at different temperatures, and by
the combined UV-H process at the same temperatures for the
same time. As shown, the thermal inactivation at 50.0, 52.5, 55.0,
57.5, and 60.0°C for 2.23 min was 0.10, 0.19, 0.42 � 0.15, 4.11 �
0.26, and more than 6.22 log10 cycles, respectively. The sum of the
heat and UV inactivation was lower than that reached by the si-
multaneous application of both technologies, and the existence of
a synergistic effect was deduced. The log10 cycles of the synergistic
effect after 2.23 min of treatment were calculated by subtracting
UV and heat inactivation cycles from those obtained during
UV-H treatment at different temperatures: 0.44, 0.88, 1.38, and

0.96 log10 cycles of synergism at 50.0, 52.5, 55.0, and 57.5°C were
obtained.

To explore the mechanism of the synergistic effect of the com-
bined treatment, we applied both technologies sequentially in two
possible orders. For this purpose, a temperature of 55.0°C was
chosen since heat treatment showed a minimal lethal effect com-
pared to that achieved by the simultaneous combination of heat
and UV light. A heat treatment of 55.0°C for 3.58 min was fol-
lowed by a UV treatment at the highest intensity applicable in our
equipment (27.10 J ml�1); and, vice versa, a UV treatment of the
same intensity followed by a thermal treatment at 55.0°C for 3.58
min was carried out. Figure 5 summarizes our results. The sequen-
tial application of heat followed by the UV treatment showed an
additive effect: the total microbial inactivation of the combined
treatment of heat and UV light (1.69 � 0.30 log10 cycles) was not
significantly different (P � 0.05) from the sum (1.59 � 0.21 log10

cycles) of heat inactivation (0.47 � 0.20 log10 cycles) and UV light

FIG 3 Survival curves to UV treatments at different temperatures of station-
ary-phase cells of Salmonella Typhimurium STCC 878. Treatments were car-
ried out in McIlvaine buffer adjusted to a pH of 7.0, with an absorption coef-
ficient of 23.66 cm�1 at 25.0°C (�), 50.0°C (�), 52.5°C (Œ), 55°C (�), 57.5°C
(Œ), and 60.0°C (o). The UV reactors were submerged in a tempered 90-liter
water bath (temperature, �1.5°C) heated by the circulating water of a periph-
eral thermostatic bath. Two thermocouples, located at the input of the first
reactor and at the outlet of the last reactor, allowed the treatment temperature
to be controlled. The figure demonstrates that the shoulder length decreases
and the inactivation rate increases with temperature.

TABLE 4 UV resistance parameters (SL, kmax, and 4D) obtained from
the fitting of Geeraerd et al.’s model to the survival curves of Salmonella
Typhimurium STCC 878 in McIlvaine buffer, with an absorption
coefficient of 23.66 cm�1 at different temperaturesa

Temp
(°C) SL (min) kmax (min�1) 4D (min) R2 RMSE

25.0 1.40 (0.10) 1.22 (0.09) 8.97 (0.99) 0.993 0.025
50.0 1.20 (0.23) 2.15 (0.55) 6.08 (0.32) 0.993 0.077
52.5 0.59 (0.21) 2.25 (0.16) 4.69 (0.13) 0.989 0.131
55.0 0.44 (0.11) 2.60 (0.09) 3.34 (0.71) 0.997 0.083
57.5 0.19 (0.02) 6.71 (0.45) 1.58 (0.10) 0.994 0.249
60.0 0 10.44 (1.07) 0.69 (0.12) 0.988 0.392
a Values in parentheses represent the SD of the means.

FIG 4 Inactivation of stationary-phase cells of Salmonella Typhimurium
STCC 878 by UV light (black bars) (19.94 J ml�1/2.23 min), heat at different
temperatures (white bars) (2.23 min), and the combined process (gray bars)
(19.94 J ml�1/2.23 min) in McIlvaine buffer adjusted to a pH of 7.0, with an
absorption coefficient of 23.66 cm�1. The sum of the heat and UV inactivation
was lower than that reached by the simultaneous application of both technol-
ogies. The log10 cycles of the synergistic effect, calculated by subtracting UV
and heat inactivation cycles from those obtained during UV-H treatment,
were 0.44, 0.88, 1.38, and 0.96 log10 cycles at 50.0, 52.5, 55.0, and 57.5°C,
respectively.

FIG 5 Inactivation of Salmonella Typhimurium STCC 878 by UV light (UV;
black bars) (19.94 J ml�1/2.23 min), heat treatment (H; white bars) (55.0°C for
2.23 min), and combined treatment of both technologies simultaneously
(UV-H; gray bars) and sequentially in both orders: UV followed by heat treat-
ment (UV¡H), and heat followed by UV treatment (H¡UV). The H¡UV
treatment showed an additive effect (1.69 � 0.30 log10 cycles) that was not
significantly different (P � 0.05) from the sum of heat (0.47 � 0.20 log10

cycles) and UV inactivation (1.12 � 0.19 log10 cycles). The UV¡H treatment
showed a greater lethal effect (2.34 � 0.31 log10 cycles) but lower than that
observed when both technologies were applied simultaneously (5.09 � 0.28
log10 cycles).
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at room temperature inactivation (1.12 � 0.19 log10 cycles). The
combination of UV light followed by heat treatment showed a
greater lethal effect (2.34 � 0.31 log10 cycles). However, the syn-
ergism was much lower than that observed when both technolo-
gies were applied simultaneously (5.09 � 0.28 log10 cycles).

To thoroughly investigate the effect of temperature on the two
combined processes that showed a synergistic effect, heat treat-
ment preceded by UV light and UV-H treatment, survival curves
of the combined processes at different temperatures were ob-
tained. The resistance parameters were calculated fitting survival
curves with the Geeraerd et al.’s model, and results are summa-
rized in Fig. 6. The 4D values to microbial inactivation by heat
were also included in the figure for comparison. As observed in the
figure, heat inactivation of Salmonella Typhimurium STCC 878
showed a thermodependence similar to published data (29), with
a z value (°C increase to decrease 4D value 10 times) of 3.89°C. The
sequential application of UV light and heat treatment showed a
nonsignificant different z value (4.37°C). The lethal effect of the
simultaneous application of UV light and heat showed lower ther-
modependence: the 4D value would decrease 10 times by increas-
ing the temperature by 9.01°C.

In a further step, survival curves to UV-H, UV, and heat treat-
ments were obtained by recovering cells in nonselective and selec-
tive media. The log10 cycles of damaged cells were calculated by
subtracting the log10 number of survivors in the nonselective me-
dia from the log10 number of survivors in the selective media.
Results of these experiments are summarized in Fig. 7. A heat
treatment at 55.0°C for 2.23 min reached 0.37 � 0.07 log10 cycles
of damaged cells in the plasmatic membrane and 1.17 � 0.07 log10

cycles in the external membrane. UV treatments at 25.0°C did not
affect cell envelopes (Table 1). After UV-H treatment at the same
temperature for the same time, 2 and 4 log10 cycles of damaged
cells were found in cytoplasmic and outer membranes, respec-
tively.

DISCUSSION

Some authors have observed that UV microbial inactivation fol-
lowed first-order kinetics (20), but it is not unusual to find devi-
ation from the linearity, such as shoulders, tails, or both (40). All
UV survival curves obtained in this investigation showed initial
shoulders followed by an exponential order of death (Fig. 1).

Therefore, they were fitted with the log linear regression plus
shoulder model of Geeraerd et al. (16). Initial shoulder phase is
attributed to the action of DNA repair mechanisms (40). UV light
acts by causing mutated bases that compromise cell functionality.
However, bacteria have developed DNA repair mechanisms to
restore DNA structure and functionality. This phenomenon is
reflected in the shape of the inactivation curves. After the initial
shoulder, the maximum DNA repair capability is surpassed, addi-
tional UV exposure would be lethal for microorganisms, and sur-
vivors exponentially decline (27).

A wide variation to UV light susceptibility was observed among
the five tested Salmonella strains. The 4D values ranged from
18.03 � 0.13 J ml�1 for Salmonella Typhimurium STCC 878 to
12.75 � 0.44 J ml�1 for the Salmonella Enteritidis strain. It has
been demonstrated that Salmonella Senftenberg is much more
resistant to heat (29) than Salmonella Typhimurium; however, the
resistances of these two bacteria to ultrasound (US) (30) and
pulsed electric fields (PEF) (1) are very similar. There are few data
in the bibliography about the UV resistance variability among
Salmonella strains. Gabriel et al. (14) reported that the tested Sal-
monella Enteritidis strain was less resistant than Salmonella Typhi-
murium in phosphate-buffered saline (PBS) buffer. In our inves-
tigation, differences in UV resistance were mainly due to different
lengths of the shoulders (Table 1), which have been related with a
higher DNA repair ability (15). We have also observed a longer
shoulder of survival curves of Salmonella after a photoreparation
step (Table 1). Therefore, the high UV resistance of Salmonella
Typhimurium STCC 878 was probably due to a more efficient
DNA repair system. This is an interesting aspect that deserves
further investigation.

By comparing results from Table 1 to those obtained with
other species in the same experimental conditions, we can con-
clude that the most UV-resistant strain of Salmonella (4D, 18.03 �
0.13 J ml�1) was less sensitive to UV light than the most UV-
resistant of five E. coli strains (4D, 16.60 � 0.48 J ml�1) (15). Kim
et al. (22) also observed that Salmonella Typhimurium was more
resistant than E. coli O157:H7, but Yaun et al. (50) reported that
UV resistance of Salmonella and E. coli O157:H7 did not differ,
and Gabriel et al. (14) demonstrated that Salmonella Typhimu-

FIG 6 Relationship between treatment temperature and the time to inactivate
99.99% of the initial population (4D value) of Salmonella Typhimurium STCC
878 by heat (�), by heat after a UV treatment of 27.10 J ml�1 (�), and by both
technologies applied simultaneously (Œ). 4D values were calculated fitting
survival curves with the Geeraerd and Van Impe inactivation model-fitting
tool (GInaFiT). Survival curves to thermal treatments were obtained with a
mixing method (thermoresistometer TR-SC).

FIG 7 Injured stationary-phase cells of Salmonella Typhimurium STCC 878
treated by heat (55.0°C for 2.23 min) and the combined UV-H process
(55.0°C � 19.94 J ml�1 for 2.23 min). The log10 cycles of injured cells were
calculated by subtracting the log10 number of survivors in the nonselective
media (TSAYE) from the log10 number of survivors in the selective media.
Selective media were as follows: TSAYE with 3% (wt/vol) sodium chloride
added (white bars) to detect cytoplasmic membrane damage and TSAYE with
0.15% (wt/vol) bile salts added (black bars) to detect outer membrane damage.
Survivors recovered in the nonselective media were incubated for 24 h at 35°C,
and those recovered in selective media were incubated for 48 h at 35°C.
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rium was less resistant than E. coli O157:H7 and Listeria monocy-
togenes. Disagreements in the literature may be due to the wide
variation of UV resistance between strains, as we have observed in
Salmonella strains (Table 1).

It is well known that stationary-phase cells of several bacterial
species show enhanced UV-C resistance (2, 4). Accordingly, Sal-
monella Typhimurium STCC 878 in mid-log phase was more UV
susceptible than cells in the stationary phase, showing a shorter
shoulder. Child et al. (4) observed that cells of an RpoS mutant of
Salmonella Typhimurium were much more sensitive to UV light
than the corresponding wild type, suggesting that RpoS gene ex-
pression is implicated in the UV resistance. Since shoulder length
is related to damage and repair mechanisms (40), our results in-
dicate that these mechanisms are regulated, at least in part, by the
global stress response induced by the RpoS regulon.

It is well established that UV light inactivates microorganisms
by damaging their nucleic acid, thereby preventing microorgan-
isms from replicating. However, it has also been suggested that
photons can interact with components of cell envelopes (32) and
favor the oxidation of unsaturated fatty acid residues of lipids and
phospholipids (23). In our study, no significant differences (P �
0.05) in the proportion of either envelope-damaged cells or oxi-
dative-damaged cells were found using selective growth media. In
contrast, the exposure of survivors to visible light, before their
incubation at 35°C, increased the recovery of Salmonella Typhi-
murium STCC 878 (Table 1). From our results, it is noteworthy
that survival curves after photoreparation showed longer shoulder
length, whereas kmax values barely changed. This evidences that
shoulders are related to DNA repair mechanisms.

It is well known that the physicochemical characteristics of the
treatment media may change the bactericidal efficacy of most food
preservation technologies. For Salmonella, pH and water activity
of the treatment medium are the most influential factors (1, 29).
Our results demonstrated that acidification from pH 7.0 to 3.0 did
not influence the UV resistance of Salmonella Typhimurium
STCC 878 (Table 2). These results are in agreement with pub-
lished data regarding other bacterial species (23, 33, 37). Data in
the bibliography about the effect of water activity on the lethal
effect of UV light are scarce. Our results demonstrated that water
activity, in the range of 0.94 to �0.99, did not change the UV
resistance of Salmonella Typhimurium (Table 2). It has been hy-
pothesized that lowering the water activity of the treatment me-
dium led to water loss within the cells, which increased DNA con-
densation and increased UV light resistance (41). The protective
effect of sucrose to most inactivating technologies was demon-
strated to be more pronounced than that of glycerol (7, 31). To
avoid misinterpretations, we studied the effect of water activity in
the same media added with sucrose (aw values from 0.94 to �0.99)
and reached the same conclusion as with glycerol (data not
shown). In regards to UV technology, the absorption coefficient is
the most influential environmental factor. As was shown by our
results, UV efficacy exponentially decreased with the absorption
coefficient in the range of 6.57 to 23.66 cm�1 (Fig. 2 and Table 3).

The difficulty of UV light treatment in achieving a 5 log10 re-
duction due to the low penetration capacity of UV photons on
liquid foods has prompted several authors to develop hurdle strat-
egies combining UV light with other novel processing techniques
or milder conventional preservation methods (3, 49). The combi-
nation of heat at sublethal temperatures with other nonthermal
technologies such as high hydrostatic pressure (HHP), US, and

PEF at low intensity results in an equivalent or even higher degree
of microbial inactivation (38, 39). However, data in literature
about the combination of UV light and mild heat treatment are
scarce. Our research focused on the effect of the combined pro-
cesses of UV light and mild temperatures applied both simultane-
ously (UV-H treatment) and sequentially. UV lethality increased
with the temperature ranging from 50°C to 60°C (Fig. 3).

Comparing inactivation of the simultaneous UV-H combined
treatment with thermal inactivation at the same temperature and
with UV light at room temperature, a synergistic lethal effect was
deduced for both technologies (Fig. 4). This synergistic effect in-
creased with the temperature ranging from 50.0°C to 55.0°C, a
range at which thermal inactivation was negligible. Meanwhile, at
57.5°C, the synergistic lethal effect of the combined treatment
decreased, and at 60.0°C, it disappeared. This can be also deduced
from the relationship between inactivation parameters and tem-
perature for both heat and UV-H treatments (Fig. 6). The UV
death time curve of the UV-H process was less thermodependent
than the thermal death time curve (z � 3.89°C); and both curves
tended to join at 60.0°C. These behaviors reveal that the synergis-
tic interaction between heat and UV light is only effective in a
specific temperature range.

The sequence of the treatments seemed to be important to
maximize the lethal effect of the combined process, which is likely
to be related with the mechanism of action. A synergistic effect was
observed after UV light treatment followed by a heat treatment at
55.0°C, but lower than that observed with both technologies ap-
plied simultaneously. Unlike the UV-H treatments, the death
curve to the sequential application of UV light and heat showed a
similar thermodependence (z � 4.37°C) than heat treatment
alone, which means that the magnitude of the synergistic effect
hardly changed with temperature. On the contrary, an additive
effect was observed in the reverse order of treatment. Overall our
observations lead to an interesting conclusion: the mechanism
through which the combination of UV light and heat acted syner-
gistically was different when the technologies were applied simul-
taneously than when they were applied successively.

The inactivation mechanisms of the combination of UV light
and heat are not well understood and it could be explained by two
hypotheses that are not exclusive. On the one hand, it might be
attributed to a reduction in cellular capacity to repair damage
(34). However, we observed no UV sensitization after a heat treat-
ment of 3.58 min at 55.0°C, while in the UV-H treatment a syner-
gistic lethal effect was detected for the same time and temperature
of treatment. On the other hand, synergism might be related to
additional lethal damage that arises from the interaction of sub-
lesions induced by both agents.

To clarify the mechanism of action of the observed synergistic
lethal effect, sublethal damage in cell envelopes of Salmonella Ty-
phimurium was studied. It is well known than heat treatment
induces damage in bacterial cell envelopes, and the results in Table
1 demonstrated that UV treatments at 25.0°C did not injure these
structures. However, our results indicated that the number of en-
velope-injured cells was higher after a UV-H treatment than after
heating, and this difference was more notorious in external mem-
brane damage than in cytoplasmic membrane damage. This indi-
cates that the mechanism of the synergistic effect of UV light and
heat is related to a sensitization of cell envelopes or the cell’s in-
ability to repair these structures. The enhanced inactivation at
higher temperatures might be due to the phase transition of the
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phospholipid molecules, within the cell membrane, from gel to
liquid crystalline (21). This is an interesting question from both a
microbial physiology and food technology point of view, and spe-
cific investigations to clarify the mechanisms of inactivation of the
synergistic effect should be designed.

From our results, we reached some interesting conclusions.
The UV resistance of different strains of Salmonella may differ
widely. The entrance in the stationary growth phase increased the
UV resistance of Salmonella Typhimurium STCC 878. Survivors
to UV-C treatments showed neither oxidative damage nor injury
in cell envelopes, but the incubation of survivors after photoreac-
tivation below visible light increased the number of survivors. The
pH and water activity of the treatment medium did not change the
UV tolerance, but the lethal effect of the treatments decreased
exponentially by increasing the absorption coefficient. An addi-
tive lethal effect was observed when applying a heat treatment
followed by a UV light. A synergistic lethal effect was observed
after UV light treatment followed by a heat treatment, but the
effect was lower than that observed when both technologies were
applied simultaneously. Unlike the UV-H treatments, the death
curve to the sequential application of UV light and heat showed a
similar thermodependence to heat treatment, which means that
the magnitude of the synergistic effect hardly changed with tem-
perature. The number of envelope-injured cells was higher after a
UV-H treatment than after heating, and this difference was more
notorious in the outer membrane than in the cytoplasmic mem-
brane. This indicates that the mechanism of the synergistic effect
of UV light and heat was related to a sensitization of cell envelopes
or the cell’s inability to repair these structures.
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